T
he subsurface of U.S. Department of Energy (U.S. DOE) nuclear legacy waste sites is often cocontaminated with uranium and nitrate (1) . Nitrate is a prevalent groundwater contaminant on a global scale (2) and, in particular, represents a major contaminant at nuclear waste sites because of the use of nitric acid during uranium processing (3) . The natural attenuation and remediation of nitrate (NO 3 Ϫ ) found in subsurface environments are believed to be largely determined by microbial denitrification coupled with dilution (3, 4) . Denitrification in the subsurface is likely regulated by pH and electron donor concentration (5) .
Extensive geochemical and microbiological evidence points to denitrification as a major microbial respiration process in the subsurface of the Oak Ridge Integrated Field Research Challenge (OR-IFRC) site, a nuclear legacy waste site managed by the U.S. DOE (e.g., see references 6 to 9). High nitrate concentrations in the OR-IFRC site subsurface, coupled with periodic anoxia, provide selective pressures that favor nitrate-reducing organisms (8, 10, 11) . The stable nitrogen isotopic composition of the gaseous products of denitrification, nitrous oxide (N 2 O) and nitrogen gas (N 2 ), indicates that substantial denitrification is occurring (Juske Horita, personal communication). For example, the dissolved gas composition of groundwaters closest to the contaminant source zone is enriched in N 2 O relative to the atmospheric composition, and these levels ameliorate down from the plume, along with the pH and nitrate and uranium levels (12) .
Fungi mediate key reactions in the biogeochemical cycles of carbon, nutrients, and metals (13) . Fungi are known to be metal resistant and occur in abundance in acidic, metal-rich environments observed in terrestrial ecosystems, such as aquifers (e.g., see references 14 and 15); thus, they could play an important role in contaminant transformation in the subsurface of U.S. DOE sites. Traits that favor the survival of fungi under the extreme conditions found in the radionuclide-contaminated acidic subsurface include facultative anaerobic growth, resistance to acidic pH, resistance to toxic metals, spore formation, and in some cases, radiation-enhanced growth (14, 16) . Additionally, previous research has also demonstrated a role of fungi in denitrification (17, 18) .
Prior research on fungal nitrogen transformation has demonstrated the nitrate and nitrite reduction capabilities of a very limited number of fungal taxa within the major phyla Ascomycota and Basidiomycota, including both filamentous and yeast forms (17, (19) (20) (21) (22) . Fungi can denitrify nitrate or nitrite via nitric oxide to nitrous oxide or reduce nitrite to ammonium via dissimilatory nitrate reduction to ammonium (DNRA) coupled to the oxidation of organic compounds (17, 18, 23) . There is no evidence of the presence of nitrous oxide reductase and complete denitrification to N 2 in fungi, but fungi may produce N 2 through codenitrification (17, 19, 24) .
Although fungi have been shown to mediate denitrification in surficial soils (25) (26) (27) , little information on fungal denitrification in subsurface environments is available. To our knowledge, the occurrence of fungi has been described for few pristine and contaminated aquifers (28, 29) , and the community composition of these microbial eukaryotes in subsurface environments remains poorly characterized. We hypothesized that the structure and composition of the subsurface fungal community are impacted by the subsurface pH gradient across the contaminated watershed and that this group of organisms contributes significantly to in situ denitrification in the contaminated subsurface, in part due to a greater tolerance of acidity by many fungi relative to that by bacteria (14, 15) . Thus, the objective of this study was to interrogate subsurface fungal communities through a close coupling of microbiological and biogeochemical approaches. Fungal communities were characterized at the watershed scale using quantitative and semiquantitative molecular analyses, including quantitative PCR (qPCR) and pyrosequencing of PCR-amplified fungal internal transcribed spacer (ITS) regions. Potential denitrification activity was determined in sediment slurry experiments and in pure cultures of fungi isolated from the subsurface.
MATERIALS AND METHODS
Site and sampling description. Sampling was conducted at the Oak Ridge Integrated Field Research Challenge (OR-IFRC) site, Oak Ridge, TN, where the subsurface has been widely contaminated with a diverse array of mixed contaminants, including uranium and nitrate (http://www.esd .ornl.gov/orifrc/). Groundwater was collected from wells in November 2008 and May 2009 across a contaminant gradient (e.g., see reference 30). Briefly, approximately 2 liters of groundwater was collected separately for geochemical analysis (for which the water was filtered); microbiological studies, including cultivation (for which the water was unfiltered); and molecular analysis (for which the water was collected on filters). Groundwater was collected after purging of the wells until pH, redox (E h ), and temperature were stabilized, pumped through a peristaltic pump, and passed sequentially through two 142-mm Geotech filter holders (Geotech, Denver, CO) using a 3.0-m-pore-size Versapore prefilter and a 0.2-mpore-size Supor sample filter (Pall, Port Washington, NY). A 3.0-mpore-size prefilter was used to prevent clogging of the 0.2-m-pore-size filter membrane due to suspended minerals and sediment particles. Filters bearing biomass were stored frozen on dry ice in the field and then at Ϫ80°C until nucleic acid extraction. In addition, groundwater wells were surged and sediment-groundwater slurries were collected from near the contaminant source zone in October 2011. Slurries were collected in the field in sterile preevacuated and sealed serum vials and shipped overnight on ice to a laboratory at Florida State University (FSU; Tallahassee, FL). Samples were stored at 4°C until potential rate incubations were established. Biogeochemical analyses for pH, nitrate, nitrite, and ammonium were conducted on groundwater samples as described previously (31 DNA extraction, pyrosequencing, and qPCR. Genomic DNA (gDNA) was extracted from filtered groundwater samples (0.2-m-poresize filters) with a Mo Bio PowerWater DNA isolation kit (Mo Bio Laboratories, Inc., Carlsbad, CA) according to the manufacturer's recommendations. Genomic DNA recovered from 39 groundwater samples from two sampling seasons and 20 sites across the watershed was subject to pyrotag sequencing of the fungal ITS region to examine fungal community structure and distribution. Fungal amplicons were sequenced on a Roche 454 pyrosequencing instrument by Research and Testing Laboratories (Lubbock, TX); amplifications were performed using the primer pair ITS1-F and ITS4 (32, 33) . The abundance of small-subunit (SSU) rRNA genes from fungi and other eukaryotic organisms in groundwater DNA extracts was determined using qPCR. Genomic DNAs extracted from groundwater samples were used as the templates for the TaqMan 18S rRNA endogenous control assay (Life Technologies, Foster City, CA) according to the manufacturer's instructions. Briefly, the PCR was performed in a total volume of 20 l using TaqMan gene expression master mix (Life Technologies, Foster City, CA), 100 M each forward and reverse primers, and a 6-carboxyfluorescein (6-FAM) fluorophore-labeled probe. The reaction conditions for amplification were 50 C for 2 min, 95 C for 10 min, and 40 cycles of 95 C for 15 s and 60 C for 1 min. Similarly, gene abundance data for bacterial SSU rRNA genes were generated as described previously (31, 34) . Standards for the eukaryotic assay were PCR products generated by amplification of nearly complete fungal SSU rRNA genes using the general fungal primer set NS1/FR1 (33) and the primer set 27F/1492R for bacteria (35) . qPCR assays were performed in triplicate using an ABI StepOne real-time PCR system. Processing of pyrosequencing data. All Roche 454 sequencing data were analyzed within the software package QIIME (36) . Pyrotag sequences were first binned and filtered to remove low-quality sequences shorter than 300 bases in length and with average quality scores below 25. Sequences without the correct primer sequences were excluded. A workflow script was used to cluster sequences into operational taxonomic units (OTUs) at a 97% sequence identity level, ultimately building OTU tables. Taxonomy was assigned to each representative sequence by using the BLAST program with a maximum E value of 0.001 against the BLAST database (http://www.emerencia.org/fungalitspipeline.html) within QIIME. For further OTU-based analyses, the original OTU table was rarefied to a depth of 2,500 fungal sequences per sample, to avoid the distorting effects of variable sampling depth (37) .
Statistical analyses and diversity estimation. Geochemical parameters (NO 3 Ϫ , U, TOC, N 2 O, O 2 ) were log transformed to meet assumptions of normality using the Ryan-Joiner normality test (38) . Transformed geochemical data, along with log-transformed quantitative data of microbial SSU rRNA gene abundance, were analyzed using principal component analysis (PCA) within the software package Primer 6 (39, 40) . Fungal community composition was also related to geochemical variables using canonical correspondence analysis (CCA). CCA was performed using the XLSTAT-ADA (Addinsoft, New York, NY) add-in for the Microsoft Excel program. Shannon indices (41) were calculated for bacterial and fungal communities on the basis of rarefied OTU tables of SSU rRNA gene and ITS region sequences, respectively. Pairwise comparisons of microbial community structure were computed as Bray-Curtis distances and were visualized using PCA within the software package Primer 6 (40) . To test for significant differences in means, t tests were implemented within the software package Sigma Plot (v12; SyStat, San Jose, CA).
Isolation of subsurface fungi. Highly contaminated groundwater and sediment samples were selected for isolation of fungi (Table 1) . For this purpose, 0.1 ml of groundwater or suspended sediment (a 1:10 [wt/vol] mixture of sediment in a minimal salts solution) was aseptically spread onto a variety of fungal cultivation media, including potato dextrose agar (PDA), Czapek Dox agar, cornmeal agar, Sabouraud dextrose agar, and malt extract agar (HiMedia Laboratories, India). Neutral pH was adjusted to 5.0 using HCl to approximate the pH of the OR-IFRC site subsurface. In order to inhibit bacterial growth, media were supplemented with 1 mg/ml streptomycin and 0.05 mg/ml chloramphenicol. Plates were incubated in the dark at room temperature. After visible growth appeared, morphologically distinct colonies were transferred to fresh medium using sterile toothpicks. During each transfer, hyphae from the leading edge of the fungal colonies were transferred in order to reduce the possibility of cross contamination, and pure cultures were obtained from repeated transfers. The purity of the cultures was determined by visual inspection of the colonies for dimorphic growth and reconfirmed by PCR amplification with fungal SSU rRNA gene primers (NS1/FR1 [33] ) and direct amplicon sequencing. Pure cultures of the isolated fungal strains were maintained in 20% glycerol at Ϫ80°C and on plates for future study.
Measurement of potential denitrification rates. Potential denitrification rates were determined for fungal isolates and for sediment-groundwater slurries. Isolates were grown on half-strength Czapek Dox agar (adjusted to pH 5.0) for 36 to 48 h at room temperature (20°C). Once sufficient growth was achieved, a 1-cm-diameter circular subsample was cored from the edge of the growing culture using a cork borer under aseptic technique. The cored agar was immersed in 100 ml half-strength Czapek Dox broth, and the culture was grown for 7 days with constant shaking at room temperature (20°C). For denitrification assays, cultures were inoculated in triplicate into 60 ml Czapek Dox broth at 10% (vol/ vol) with 10 mM nitrate. The vials were purged with 100% N 2 , sealed using gastight rubber stoppers, and incubated at room temperature (20°C). Autoclaved control cultures were prepared and incubated under similar conditions. The headspace in each slurry bottle was then sampled with a gastight 100-l syringe, and N 2 O concentrations were determined with a Shimadzu GC-8a gas chromatograph (GC) equipped with an electron-capture detector (Shimadzu Scientific Instruments, MD). Dissolved oxygen was determined with Shimadzu TCD 8A GC employing a Mol Sieve 5A column and argon as the carrier gas. Dissolved N 2 O and oxygen concentrations were calculated as described above and by use of the solubility coefficients described previously (42) , and total N 2 O and O 2 was calculated as the sum of the headspace and dissolved N 2 O and O 2 , respectively. Microcosms were also sampled for dissolved inorganic nitrogen (DIN; nitrate, nitrite, and ammonium) and biomass at the beginning and end of the incubations. Nitrate plus nitrite (NO x ) and nitrite were reduced with vanadium (43) and iodide (44), respectively, and the resulting nitric oxide gas concentration was determined with a Thermo model 42i chemiluminescence analyzer (Thermo Fisher Scientific, WA). The nitrate concentration was calculated as the difference between the NO x and nitrite concentrations. Dissolved ammonium was determined colorimetrically (45) . For biomass estimates, triplicate cultures were filtered onto preweighed 0.45-mpore-size nitrocellulose filters and weighed after drying for 24 h.
Sediment slurry microcosms were established in triplicate 60-ml serum vials. Thirty milliliters of sediment-groundwater mix was dispensed aseptically after vigorous shaking. Each microcosm was supplemented with 1 mM sodium nitrate and glucose, purged with high-purity N 2 (Airgas, GA), and sealed using gastight rubber stoppers. Microcosm bottles were shaken well and incubated statically at room temperature (20°C). Sediment slurries were treated with both streptomycin and chloramphenicol (1 mg ml Ϫ1 ) to inhibit bacterial activity or cycloheximide (1.5 mg ml Ϫ1 ) to inhibit fungal activity. Control treatment mixtures without microbial inhibitors (control) were incubated under identical conditions. Potential denitrification rates in sediment slurries were estimated using the acetylene block technique (46) . Each microcosm was amended with 10% (vol/vol) acetylene in the headspace. The N 2 O headspace concentrations for the cultures were determined as described above. The dry weight of the sediment was calculated for each vial after the incubations were completed by drying in an oven at 80 C. All rates were standardized to the dry weight of the sediment (see Table S2 in the supplemental material).
Nucleotide sequence accession numbers. SSU rRNA gene sequences were submitted to GenBank under accession numbers KF971835 to KF971855. Sequence data were submitted to the Sequence Read Archive (SRA) under the study accession number SRP034562.
RESULTS
Composition of fungal community across the watershed. The distribution and abundance of fungi were examined by quantitative analysis of SSU rRNA gene abundance and ITS amplicon sequencing performed on gDNA extracts of groundwater sampled from 20 wells across the contaminant gradient and during two sampling seasons. Eukaryotic and bacterial SSU rRNA gene abundance was quantified using qPCR. The sampling sites ranged from highly acidic and nitrate rich close to the contaminant source zone (area 3) to circumneutral with lower contaminant levels downgradient from the source zone (area 2). Total eukaryote SSU rRNA gene abundance ranged from 1.48 ϫ 10 4 to 1.04 ϫ 10 7 copies per liter of groundwater for acidic sites (pH Ͻ4.5) and 6.87 ϫ 10 3 to 3.55 ϫ 10 8 copies per liter of groundwater for circumneutral sites (pH Ͼ4.5) (Fig. 1A) . Total bacterial SSU rRNA gene abundance ranged from 2.5 ϫ 10 6 to 1.8 ϫ 10 9 copies per liter of groundwater for acidic sites (pH Ͻ4.5) and 2.98 ϫ 10 5 to 1.14 ϫ 10 9 copies per liter of groundwater for circumneutral sites (pH Ͼ4.5) (Fig. 1A ) (31) . An increase in total eukaryotic SSU rRNA gene abundance was observed with increasing pH (Fig. 1A) . This occurred within the context of relatively stable bacterial SSU rRNA gene abundance across the pH gradient, resulting in a trend of increasing relative abundance of eukaryotic to bacterial SSU rRNA genes across the pH gradient (Fig. 1C) . Bacterial SSU rRNA gene abundance exceeded eukaryotic SSU rRNA gene abundance by approximately 1 to 4 orders of magnitude at low pH (pH Ͻ4.5), while in 
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Box plots of the gene abundances of bacterial and total eukaryotic SSU rRNA (i and ii) and bacterial and fungal diversity (Shannon index) (iii and iv) by pH. Two plots were generated for each analysis, one for groundwater samples with pH values below 4.5 and one for samples with pH values above 4.5. The data are plotted as the 10th, 25th 75th, and 95th percentiles. No significant differences for gene abundance values (for bacterial SSU rRNA, P ϭ 0.959; for eukaryotic SSU rRNA, P ϭ 0.058) and diversity indices (for fungi, P ϭ 0.087; for bacteria, P ϭ 0.256) of low-and neutral-pH sites were observed. most wells with a pH of Ͼ4.5, this ratio was generally between 1 and 2 orders of magnitude.
Diversity (Shannon) indices were calculated for fungal OTUs from each groundwater sample classified at 97% sequence similarity. Fungal ITS sequence libraries from acidic (pH Ͻ4.5) groundwater samples had an average Shannon index value of 2.89 (n ϭ 13; range, 1.52 to 4.64), while groundwater samples with a pH of Ͼ4.5 had an average Shannon index value of 3.15 (n ϭ 26; range, 1.53 to 3.84). A slight trend of increasing diversity was observed with increasing pH (Fig. 1B and D) for fungal communities (slope ϭ 0.03, R 2 ϭ 0.05). A significant difference (P ϭ 0.049, Student's t test) in the ratio between total eukaryotic and bacterial abundances was observed by pH and total eukaryotic abundance (P ϭ 0.05, Student's t test). No significant difference, however, in total SSU rRNA gene abundances (for bacterial gene abundance, P ϭ 0. 959; for eukaryotic gene abundance, P ϭ 0.058) or diversity indices (for fungi, P ϭ 0.087; for bacteria, P ϭ 0.256) for sites with low and neutral pHs was observed over the range of pHs sampled and the fungal (P ϭ 0. 087) and bacterial (P ϭ 0.256) diversity detected (Fig. 1D) .
PCA was performed to examine the relationship between total eukaryotic SSU rRNA gene abundance with measured variables in the groundwater (U, TOC, O 2 , NO 3 Ϫ , and N 2 O) ( Fig. 2 ; see Table  S1 in the supplemental material). Strong separation of samples by pH was observed, despite substantial subsurface heterogeneity. The first principal component (PC) axis accounted for 43% of the measured variation; the U concentration load was primarily on PC axis 1 (PC1). TOC and O 2 loads were primarily on PC axis 2 (PC2; 20% of the measured variation), while eukaryotic SSU rRNA gene abundance and NO 3 Ϫ and N 2 O loads were on PC axes 1 and 2.
Sequencing of fungal ITS amplicons using the Roche 454 pyrosequencing platform was performed on 39 groundwater samples from two sampling seasons and 20 wells across the watershed. In total, 204,886 sequences were analyzed (average number of sequences per sample ϭ 3,260; range ϭ 2,500 to 7,653). The sequences were clustered at a 97% similarity threshold into 3,379 OTUs. The distributions of the most abundant taxa identified are shown in Fig. 3 . Ninety-three percent of the recovered ITS sequences could be classified at the phylum level, while the remainder could not be classified within the QIIME pipeline. Sequences from fungi of the phyla Ascomycota and Basidiomycota were the most frequently recovered (64% and 29% of all classified sequences, respectively). Sequences derived from members of the Chytridiomycota were also detected, but these represented a very small fraction of the total sequence data set (Fig. 3A) (Fig. 3B) . A substantial portion of the sequences (28% of Ascomycota sequences and 7% of Basidiomycota sequences) could be classified only to the phylum level (Fig. 3B) . The fungal community structure varied substantially from well to well, and striking differences were observed between communities from circumneutral (pH Ͼ4.5) and acidic (pH Ͻ4.5) wells (Fig.  3C) . For example OTU_434, derived from fungi of the genus Coniochaeta, was the most abundant OTU in neutral pH groundwater, whereas OTU_1654, derived from fungi of the genus Trichosporon, was abundant in many low-pH groundwater samples (Fig. 3C) .
CCA ordination was used to delineate the effects of geochemical variables on fungal community composition plotted at the class level ( Fig. 4 ; see Table S1 in the supplemental material). Fungal communities in low-pH groundwater were nearly completely separated from those in the high-pH sites along CCA axis 1 (F1). The first canonical axis explained 47% of the detected fungal diversity and variance in pH and NO 3 Ϫ , N 2 , and U loads primarily on this axis. The second axis (F2) represented 31% of the variance in the TOC, dissolved oxygen, and N 2 O loads partially on this axis. No effect of sampling season was observed. Fungi from the classes Sordariomycetes, Saccharomycetes, Eurotiomycetes, and Agaricomycetes were abundant in acidic groundwater samples from the highly contaminated zone near the source, while those from the Microbotryomycetes, Ustilaginomycetes, Leotiomycetes, Lecanoromycetes, Tremellomycetes, and Chytridiomycetes were abundant in neutral-pH groundwater. Taxa abundant under circumneutral conditions were positively correlated with N 2 , and N 2 was observed as the terminal product of denitrification in wells with circumneutral pH.
Isolation of subsurface fungi. More than 50 colonies were recovered, and 21 isolates were chosen for further analysis on the basis of unique colony morphology, growth pattern, or pigmentation. Analysis of the SSU rRNA gene sequences of these organisms revealed that the isolates belonged to 13 genera from six orders and four classes within the phyla Ascomycota and Basidiomycota. Isolates belonged to the genera Penicillium and Aspergillus within the Eurotiomycetes, the genera Fusarium, Neolinocarpon, Apiospora, Pochonia, and Coniochaeta within the Sordariomycetes, the genus Rhodosporidium within the Microbotryomycetes, and the genera Lachnum, Teberdinia, Sclerotinia, Phialocephala, Collophora, and Heterodermia within the Leotiomycetes (Table 1) . Although the majority of the isolates were also detected in the pyrosequencing libraries, these organisms were not present in great abundance in these cultivation-independent as- says. The ITS sequences of fungi from the genus Coniochaeta, however, represented approximately 18% of all fungal ITS sequences recovered from pyrosequence analyses of site groundwater and were recovered multiple times in cultivation assays ( Fig.  3C ; Table 1 ).
Potential denitrification rates in isolates and sedimentgroundwater slurries. The denitrification potential of fungal isolates recovered from the OR-IFRC site and the groundwater and sediment microbial communities was assessed in microcosm studies. Incubations were established and inoculated with mycelia of representative strains of fungi from the OR-IFRC site, including those belonging to the genera Teberdinia, Coniochaeta, Neolinocarpon, Fusarium, Penicillium, Apiospora, Phialocephala, and Paecilomyces. Incubations were initially microaerophilic, as preliminary results (data not shown) suggested that the presence of some O 2 was necessary for site fungi to denitrify. Molecular oxygen and nitrous oxide concentrations were monitored concurrently in the microcosms. No N 2 O was detected during the initial 10 days of incubations until the initial O 2 concentrations had declined to an average of 20% (vol/vol) of the initial concentration in all microcosms (Fig. 5) . O 2 was depleted from all microcosms between days 11 and 27 of the incubation. All isolates produced N 2 O from NO 3 Ϫ , with the rates ranging from approximately 0.09 to 10 mol N 2 O-N liter Ϫ1 day Ϫ1 (Fig. 5) . Concentrations of N 2 O remained below the limit if detection in autoclaved control cultures, indicating that fungi were the source of N 2 O in the microcosms. In addition, treatment with the antibacterial compounds streptomycin and chloramphenicol had little to no effect on the denitrification of fungal pure cultures (data not shown). The Penicillium strain (ORNL9) produced the most N 2 O and depleted oxygen the most rapidly. Fungi of this genus were not detected in great abundance in site groundwater sequence libraries (Table 1) . Mass balance analyses of the nitrogen species showed conversion (i.e., to N 2 O and biomass) of 10 to 15% of the 5 mM NO 3 Ϫ added in all microcosms, with the exception of the vigorously growing Penicillium spp., where 75% of the nitrate was converted. No NO 2 Ϫ or NH 4 ϩ was detected in any of the microcosms. Fungal and bacterial contributions toward N 2 O production from nitrate in the groundwater and sediment slurry were evaluated in slurry incubation experiments with microcosms amended with antibiotics, according to the substrate-induced respiration method (47) . Potential denitrification rates were the highest in groundwater samples collected from moderately acidic wells FW122 and FW123. Fungal denitrification (i.e., denitrification in
FIG 3
Fungal community structure at various levels of taxonomic resolution. Taxa (i.e., OTUs) were classified and grouped into phyla, classes, and genera. The relative abundance of the taxa is shown for each of the 39 groundwater samples (well identifiers are described in Table S1 in the supplemental material). Groundwater samples are plotted with increasing pH and split into two broad categories on the basis of the distribution of groundwater pH values (i.e., pHs below 4.5 and pHs above 4. the presence of antibacterial compounds) was measured in 6 of 11 groundwater wells analyzed (see Table S2 in the supplemental material). No correlation between the rates of potential fungal or bacterial denitrification and source groundwater pH was observed. The maximum measured rate of bacterial denitrification was 54 nmol N 2 O-N g (dry weight) Ϫ1 day Ϫ1 , and the maximum measured potential fungal denitrification rate in microcosms amended with streptomycin and chloramphenicol was 32 nmol N 2 O-N g (dry weight) Ϫ1 day Ϫ1 .
DISCUSSION
The OR-IFRC site is representative of nuclear legacy waste sites in the U.S. Department of Energy complex, where the subsurface is often contaminated with uranium and nitrate due to the use of nitric acid during uranium processing. At the OR-IFRC site, longterm exposure to contamination has resulted in a highly distorted microbial community (e.g., see reference 31). Despite the fact that fungi are known to be metal resistant and pH tolerant (48) , their distribution and activity in the subsurface of nuclear legacy waste sites have not been studied. Furthermore, molecular surveys targeting functional genes have been unable to detect the presence of denitrifying organisms at the OR-IFRC site (e.g., see references 7 and 8). We previously demonstrated that commonly used PCR primers targeting nitrite reductase genes do not (and cannot) amplify genes from the most dominant bacterial denitrifying lineage at the site and, likewise, cannot amplify fungal genes (8) . Thus, knowledge of fungi and their contribution to subsurface nitrogen cycling at the site is lacking.
This study provides a systematic characterization of the fungal diversity and community structure in a subsurface environment and directly addresses the impact of contamination and pH on fungal community abundance, diversity, and composition. Results demonstrate the presence across the watershed of a diverse and dynamic fungal community that is substantially impacted by pH and that has the potential for nitrous oxide production through denitrification.
Fungal community structure in groundwater. The abundance, distribution, and diversity of fungi in subsurface groundwater samples were determined using quantitative and semiquantitative molecular techniques, including qPCR of eukaryotic SSU rRNA genes and pyrosequencing of fungal ITS regions. Our study targeted the ITS region for sequencing because of a higher sensitivity to fungal diversity than the SSU rRNA gene (49, 50) . Statistical analysis of groundwater geochemical variables indicates that pH has a moderate influence on the diversity of fungal communities, while a strong effect of pH on fungal community composition and abundance was observed. Although many fungi are acid tolerant and can survive under a diverse range of pH conditions and elsewhere such acid tolerance has been shown to lead to increased fungal dominance (e.g., in acidic soils [51] ), bacteria dominated Table S1 in the supplemental material. Solid red circles, groundwater samples with pHs below 4.5; solid green circles, groundwater samples with pHs above 4.5. Red vectors are the variables, and plus symbols represent the ordination of taxa at the taxonomic level of class. the groundwater microbial communities at all pHs in this study. Furthermore, the relative dominance of bacteria was especially pronounced in the acidic and highly contaminated groundwaters near the source zone of contamination, where bacterial SSU rRNA gene abundance exceeded eukaryotic SSU rRNA gene abundance by up to 4 orders of magnitude. This may represent an underestimate of the true relative abundance of fungi to bacteria in the subsurface groundwater samples, as qPCR primers target all eukaryotes, not just fungi, and fungi have many more copies of rRNA operons per genome than bacteria (52) . We note that the relative abundance of eukaryotic to bacterial SSU rRNA gene abundance, as measured through qPCR analysis, is partially confounded by the variability in gene copy number in organisms from these different domains. Bacteria, for example, can have from 1 to 15 copies (53), while fungi typically have many more and may have in the 10s to 100s, though there is much more uncertainty regarding the exact number (54) . A further confounding factor is the use of a domain-level eukaryotic primer set for quantitative analysis of SSU rRNA genes in the subsurface samples. The value of the eukaryotic SSU rRNA gene abundance should be taken as an upper limit for fungal SSU rRNA abundance, and the true abundance of fungal SSU rRNA genes could be lower if nonfungal eukaryotes are abundant in the sample. This observation is consistent with observations from prior studies that have reported negative effects of contaminants on microbial diversity and abundance (29, 55, 56) . Nonetheless, the data indicate that low-pH conditions in the OR-IFRC site groundwater are highly limiting for fungal abundance and activity, while bacterial abundance is less impacted by the low-pH and highly contaminated conditions. This appears to be in large part due to the abundance of bacteria from the genus Rhodanobacter in the acidic source zone; here, few other bacteria are active and diversity is very low (31, 57) . Further research will examine more carefully the relationship between total eukaryotic DNA and fungal DNA in the OR-IFRC site subsurface.
At a coarse taxonomic level, fungi from the phyla Ascomycota and Basidiomycota were the predominant taxa detected, with a low relative abundance of taxa from the phylum Chytridiomycota being observed. Comprehensive fungal community analyses of this type are limited, and accordingly, it is difficult to place these data into context. In previous studies, fungi from the phyla Ascomycota and Chytridiomycota were found to dominate in some freshwater aquatic ecosystems (58, 59) , while Basidiomycota were found to dominate in others (29, 60) . At the taxonomic level of order, fungi from the Coniochaetales were the most abundant taxa detected across the field site and were particularly abundant in the circumneutral wells. Members of the genus Rhodosporidium, abundant in site circumneutral groundwaters (but with a representative isolated from groundwater with a pH of Ͻ4.5), have been detected in other acidic environments (61) but were not previously shown to denitrify. Prior studies of cultivated members of the order Coniochaetales have demonstrated that these organisms can be acid and metal tolerant (62) ; in addition, we demonstrate that members of this taxon are capable of denitrification. Fungi from the genera Trichosporon and Aspergillus were detected with cultivation-independent analyses in an acid mine drainage lake but were not isolated in pure culture (63) . Likewise, a number of phylotypes affiliated with the classes Dothideomycetes and Eurotiomycetes (notably, Aspergillus spp.) were observed in abundance in acid mine drainage samples (64) . Overall, the majority of the taxa present were generally associated with soil, and many of the taxa have been observed in other contaminated environments. In addition, many of the OTUs identified in this study could not be taxonomically resolved due to the limited number of representative sequences available for comparison in the fungal ITS database (65) .
Isolation and identification of subsurface fungi. A wide diversity of fungi was isolated from the subsurface in this study, including members of the genera Coniochaeta, Aspergillus, Penicillium, Fusarium, Sclerotinia, and Paecilomyces. These isolates are representatives of genera that were also detected in abundance (Ͼ37.5% of all pyrosequences belonged to these genera) in pyrosequencing libraries from OR-IFRC site groundwaters. All 21 strains isolated were capable of growing under acidic, aerobic, and microaerophilic conditions in the presence of a high contaminant load, consistent with the OR-IFRC site subsurface environment. Fungi from the genus Coniochaeta were particularly abundant in pyrosequencing libraries of circumneutral groundwaters (18.5%) as well as in a few acidic groundwater samples. Multiple isolates from the genus capable of denitrification were isolated, and the SSU rRNA gene sequences from these isolates were most similar by BLAST analysis to the SSU rRNA gene sequence of Coniochaeta velutina (100% sequence similarity), a Saccharomyces cerevisiae yeast-like fungus (62) . Fungi affiliated with C. velutina are lignocellulose degraders and are commonly found in terrestrial habi- tats, such as soil, trees, and leaves (62) , but this group has also been detected in other acidic, heavy metal-contaminated aquatic systems. For example, members of this family were detected in waters of the contaminated Tinto River, which is characterized by extremely low pH (2.0 to 2.5) and high concentrations of heavy metals (e.g., Fe, Cu, Zn) (15) .
Other isolated denitrifiers belonged to the common soil fungal genera Penicillium and Aspergillus and were also detected at the OR-IFRC site by ITS pyrosequencing analysis. These organisms could be of ecological importance, as some species of Penicillium and Aspergillus produce organic acids and can detoxify heavy metals through the formation of insoluble organic acid-metal complexes (66, 67) . Penicillium species are capable of growing under extreme conditions and have been isolated from hydrocarboncontaminated aquatic environments as well as from metal-contaminated systems, such as acid mine drainage waters, uranium mines, and aquifers (68) (69) (70) . In this study, the Penicillium sp. isolate demonstrated the highest rates of oxygen consumption, removing oxygen within 11 days, a rate more than twice that of the other isolates.
An improved understanding of denitrifying microbial communities is required to predict and control denitrification mechanisms for the remediation of contaminated groundwater. Detection and isolation of fungi from low-pH and high-nitrate groundwater samples suggest that the denitrifying phenotype is beneficial in the subsurface at the OR-IFRC site or that the true abundance of environmental denitrifying fungi is greatly underestimated. In this study, subsurface isolates from a large number of fungal genera (Teberdinia, Aspergillus, Coniochaeta, Neolinocarpon, Fusarium, Penicillium, Apiospora, Phialocephala, and Paecilomyces) were all demonstrated to reduce NO 3 Ϫ to N 2 O. Prior to this study, the only fungal pure cultures shown to denitrify belonged to the genera Fusarium, Cylindrocarpon, and Trichosporon (71) . This study, therefore, greatly expands the fungal taxa known to conduct denitrification. We note that many of the denitrifying strains of fungi isolated in this study, in addition to isolates from the genera Fusarium and Cylindrocarpon previously described, belong to the Sordariomycetes (also known as Pyrenomycetes), a large class of ascomycete fungi. The current database of known denitrifying fungi is currently too limited to determine if this is a common physiological characteristic within the class.
Our analysis shows that N 2 O production started before O 2 was depleted in the microcosms, in agreement with previous work that observed fungi to carry out denitrification and O 2 respiration simultaneously under aerobic conditions (22) . The potential rates of N 2 O production observed here for subsurface fungi (approximately 0.09 to 10 mol N 2 O-N liter Ϫ1 day Ϫ1 ) were comparable to the rates measured in previous studies of fungal isolates from soil, such as the study of Bleakley and Tiedje (72) , who reported rates in the range of 0.4 to 1.2 mol N 2 O-N liter Ϫ1 day Ϫ1 for a variety of fungal isolates. N 2 O production by soil isolate Fusarium oxysporum was estimated to be 1.56 mol N 2 O-N liter Ϫ1 day Ϫ1 (23). Low rates of growth and metabolism as well as growth under a range of oxygen concentrations could well reflect the adaptation of fungi to the nutrient-poor and oscillating redox conditions observed in the subsurface habitat.
Evidence for fungus-mediated denitrification. While a few prior studies have demonstrated the potential for fungus-mediated denitrification in surficial soils and wetlands (26, 27) , fungal denitrification has not been explored in subsurface environments.
Here we demonstrate the potential for fungal denitrification in subsurface groundwater and sediment microcosms, with a maximum measured rate of 32 nmol N 2 O-N g Ϫ1 day Ϫ1 in the presence of antibacterial compounds. The potential rates of fungus-mediated denitrification from the OR-IFRC subsurface lie in the lower range of fungal denitrification rates reported previously for agricultural soils and grasslands. In mildly acidic grassland soils (pH 6.3) in Ireland, the fungal contribution to denitrification was estimated to be 24 to 240 nmol N 2 O-N g Ϫ1 day Ϫ1 (26), while Long et al. reported a rate of 24.14 nmol N 2 O-N g Ϫ1 day Ϫ1 in agricultural surface soil in the United States in 2013 (73) . These data must be considered within the context that each study was performed using different cultivation conditions and growth periods and, further, that some of the potential denitrification activity might represent activity from spore-forming fungi, which might be favored by cultivation conditions. This finding is consistent with the low abundance of fungi in the acidic source zone, and the low measured activity of fungi is generally below that measured for bacteria. Denitrifying bacteria, particularly from the genus Rhodanobacter, are abundant and active in the zone near the source and are likely the dominant denitrifiers in these systems, with the possibility of a modest contribution by fungal denitrifiers (31) . Further studies are needed to delineate the in situ contribution of bacterial and fungal denitrifiers in this heterogeneous contaminated, loworganic-matter, and low-pH subsurface environment.
Currently, all known denitrifying fungi lack nitrous oxide reductase genes, and therefore, fungal denitrification cannot produce dinitrogen gas as a terminal product of nitrate/nitrite respiration (72) . Thus, fungal denitrification, regardless of pH, could contribute to significantly higher N 2 O release if this excess product is not consumed by denitrifying bacteria. For acidic sites such as the OR-IFRC site, the sensitivity of N 2 O reductase enzymes to low pH could contribute to N 2 O production by bacteria as well as fungi (74) . The presence of isotopically light N 2 , in addition to isotopically light N 2 O, in groundwater in the zone near the source, however, indicates the presence of some complete (i.e., bacterial) denitrification. Some denitrification activity could be contributed by Archaea (75, 76) , and inhibition experiments conducted in this study would not have inactivated archaeal respiration. A possible archaeal nirK gene sequence was identified in a metagenome derived from an OR-IFRC acidic site, but no significant contribution of Archaea was observed in the community shotgun metagenome (8, 57) , suggesting that bacteria and, to a lesser extent, fungi are the primary denitrifiers at the site.
In summary, this study demonstrates that the contaminated subsurface hosts a diverse fungal community and groundwater geochemical variables, particularly pH, play a role in structuring that community. Isolation of a broad range of denitrifying fungi greatly increases the known fungal lineages capable of denitrification, but whether the abundance of denitrifying lineages in this study is site specific or, rather, represents an unexplored general capability of fungi is not known. The lack of a nitrous oxide reduction capability in fungi and the detection of denitrification potential in slurry microcosms point to their role in site biogeochemistry, with implications for greenhouse gas emissions and remediation strategies. Future research should be directed toward the development of molecular techniques for elucidating the metabolically active fungi that mediate denitrification in a range of ecosystems.
